Introduction
Recently, ferritic stainless steels containing chromium up to 30 mass% with ulta-low carbon and nitrogen contents have been developed for a good corrosion resistance and a high formability to replace austenitic stainless steels. Titanium is often added in these steel grades to improve the corrosion resistance by stabilizing carbon and nitrogen and the mechanical properties via the grain refinement. Recently, TiN or titanium oxides, TiO x precipitated as secondary inclusions in liquid steel during cooling or solidification are known to help the formation of equi-axed cast structure. [1] [2] [3] On the other hand, an excessive formation of those inclusions can cause a nozzle clogging problem during continuous casting and various defects in final products. [4] [5] [6] In order to control those inclusions during steel processing, it is essential to have accurate thermodynamic information of titanium in liquid stainless steels containing high chromium. In spite of its importance, the thermodynamic relation between chromium and titanium in liquid Fe-Cr-Ti alloys is not consistent in the literature, [7] [8] [9] [10] [11] and little information is available at temperatures other than 1 873 K.
In the present study, the thermodynamic interaction between chromium and titanium in liquid iron was determined by measuring the effect of chromium on the solubility product of TiN in Fe-Cr-Ti-N melts containing a wide range of chromium up to 30 mass% in the temperature range from 1 873 to 1 973 K.
Experimental Procedures
The metal-nitride-gas equilibration technique utilizing a 15 kW/30 kHz high frequency induction furnace was employed to measure the critical solubility product of Ti and N in liquid Fe-Cr-Ti-N alloys to form TiN under various nitrogen partial pressures. The experimental system is shown in Fig. 1 . Detailed descriptions of experimental apparatus and procedure are available in author's recent studies on Fe-Ti-N, Fe-Ti-Al-N and Fe-Cr-N systems. [12] [13] [14] Five hundred grams of high purity electrolytic iron contained in an Al 2 (Received on June 22, 2010 ; accepted on July 6, 2010 ) Thermodynamic interaction of chromium on titanium in liquid Fe-Cr alloys was studied by measuring the effect of chromium on the solubility product of TiN in liquid Fe-Cr-Ti-N alloys by the metal-nitride-gas equilibration technique in the temperature range from 1 873 to 1 973 K. Titanium nitride formed in the melt was identified as a pure solid stoichiometric TiN. As the chromium content increases in the melt saturated with TiN, the critical nitrogen solubility increases significantly, while the titanium solubility decreases. Using Wagner's formalism, the present results were thermodynamically analyzed to determine the first-and the second-order interaction parameters between chromium and titanium given as follows.
mm) was melted in the temperature range from 1 873 to 1 973 K. The melt temperature was monitored by a Pt/Pt13mass%Rh thermocouple sheathed with an 8 mm OD alumina tube immersed in the melt. Any possible influence of high frequency noise on the temperature reading was avoided by grounding the circuit of the thermocouple. Previous studies confirmed that no significant noise was detected.
15) The temperature fluctuation of iron melt could be controlled within 2K during experiment by the PID controller of the induction furnace. The temperature reading of the PID controller was calibrated by the sourcing DC voltage calibrator for the thermal EMF of R-type thermocouple.
After the temperature of iron melt was reached to a desired value, an Ar-10%H 2 gas was blown onto the melt surface at a high flow rate of ϳ5 000 mL/min for 2 h to deoxidize the melt. The oxygen content in the iron melt after this procedure was in the range of 15-20 mass ppm. Then the gas was switched to a mixture of Ar-10%H 2 and N 2 gases to have nitrogen partial pressures from 0.01 to 0.1 atm. The flow rate of each gas was controlled by a mass flow controller at a total flow rate in the range from 1 000 to 2 000 mL/min depending on nitrogen partial pressures in the gas.
Strong agitation of melt by an induction furnace resulted in a fast attainment of equilibrium nitrogen solubility in liquid iron within 1 h at a given nitrogen partial pressure. After confirming the saturation of nitrogen in liquid iron by sampling and analysis, pellets of sponge titanium (99.5 mass% purity) were dropped into liquid iron through an 18 mm ID quartz tube. After each titanium addition, some amount of solid reaction product, presumably TiN, was immediately observed on the surface of melt. However, it dissolved into the melt again and completely disappeared after several minutes. After the predetermined equilibration time of 1 h, a metal sample of about 10 g was extracted by a 4 mm ID quartz tube connected to a syringe (10 mL) and it was quenched rapidly in water within 2 s. Titanium addition and sampling were repeated until a stable TiN layer was formed on the surface of the iron melt. The formation of TiN in iron melt could be also confirmed by a sharp decrease in nitrogen content checked by the analysis of metal samples during experiment.
After the saturation of TiN in Fe-Ti-N melt, pellets of chromium (99.9 mass% purity) additions and samplings were carried out with the predetermined equilibration time of 2 h. The amount of chromium addition was up to 30 mass% in liquid iron. In order to insure the saturation of TiN in liquid Fe-Cr-Ti-N alloys during chromium additions, about 2 g of TiN pellets were added onto the melt. TiN pellets were prepared by sintering the stoichiometric TiN powder (99 % purity, Ͻ10 mm, Aldrich Chemical Co.) in a pure nitrogen atmosphere at 1 923 K for 12 h.
The metal samples extracted by a quartz tube during experiment were carefully cut for the chemical analysis. In author's previous studies, [12] [13] [14] the detailed procedure for chemical analysis is available. The nitrogen and oxygen contents in the metal sample were measured by the inert gas fusion-infrared absorptiometry technique with an accuracy of Ϯ1 mass ppm. For the analysis of chromium and titanium, the metal sample (0.2 g) was dissolved in 20 mL of HCl (1ϩ1) in a glass beaker of 50 mL capacity heated in a water bath for 2 h. Chromium and titanium dissolved in the sample solution was then analyzed by the ICP-AES using the appropriate standard solutions containing the similar amount of Fe as in the sample solutions. The analytical limit for chromium and titanium in metal sample was 5Ϯ1 mass ppm.
After each experiment, the melt remained in an Al 2 O 3 crucible was quenched by blowing helium gas onto the melt surface. In order to check the presence of inclusions including TiN in the quenched melt, about 10 g of metal sampled near the upper surface of the melt was dissolved in dilute HCl (1ϩ1) solution heated in a water bath for 72 h. After the complete dissolution of metallic portion, the residue was filtrated and analyzed by the X-ray diffraction analysis (XRD, High power X-ray Diffractometer System, Rigaku D/MAX-2500/PC).
Result and Discussion

Inclusion Identification
As shown in Fig. 2(a) , the inclusions formed in the melt were identified as TiN, TiO 2 and Al 2 O 3 phases. The result was also compared with the XRD pattern of the stoichiometric TiN powder (99 % purity, Ͻ10 mm, Aldrich Chemical Co.) shown in Fig. 2(b) . By comparing 2 values of the diffraction peaks, the titanium nitride formed in Fe-CrTi-N melt in the present study can be considered as a pure solid stoichiometric TiN. where K TiN is the equilibrium constant for Reaction (1), h Ti and h N are the Henrian activities of titanium and nitrogen relative to 1 mass% standard state in liquid iron, and f Ti and f N are the activity coefficients of titanium and nitrogen, respectively. The activity of TiN in Eq. (3) is unity in the present study. Figure 3 shows the variations of equilibrium nitrogen solubility in Fe-Ti-N melt with titanium additions under the nitrogen partial pressures from 0.01 to 0.1 atm at different temperatures. Reduced nitrogen pressures were used to keep nitrogen content low in the melt and hence to avoid an excessive formation of TiN on titanium additions. The nitrogen solubility increases linearly as the titanium content increases in liquid iron when the melt is not saturated with TiN as shown as open symbols in the figure. However, when the titanium content exceeds a critical value, the nitrogen solubility decreases with titanium additions due to a stable formation of TiN as shown as solid symbols in the figure.
Effect of Chromium on Solubility Product of TiN in Liquid Iron
The solid lines in Fig. 3 are the equilibrium solubility products of titanium and nitrogen for TiN formation, calcu- TiN (s) Ti N ϭ ϩ lated using the thermodynamic data determined in author's previous study on Fe-Ti-N melt.
12) The predicted lines for the solubility product of TiN at different temperatures are in excellent agreement with experimental data in the present study. Figure 4 shows the effect of chromium additions on the solubility of titanium and nitrogen for TiN saturation under a nitrogen partial pressure of 0.01 atm at 1 873 K. As the chromium content increases, the nitrogen solubility increases significantly while the titanium content decreases. Figure 5 shows the effect of chromium additions on the solubility product of TiN, log [%Ti] [%N] at different temperatures. TiN solubility product increases with chromium additions, and it reaches a maximum value at chromium content of 20 mass%.
In order to determine the thermodynamic relation between chromium and titanium from the TiN solubility data in Fe-Cr-Ti-N melts, the equilibrium constant, K TiN can be rewritten as the following relation using Wagner's formalism. where f Ti Cr is the interaction coefficient of chromium on titanium and is a measure of the effect of a specific concentration of chromium on the behavior of titanium in liquid iron. As mentioned earlier, the oxygen content in the melt was very low, and aluminum and silicon contents were lower than 20 and 30 mass ppm, respectively. Therefore, the effect of oxygen, aluminum and silicon on titanium and nitrogen was assumed to be negligible.
Therefore, the values of e Ti Cr and r Ti Cr in Eq. (5) can be determined from the TiN solubility data in Fe-Cr-Ti-N melts. Figure 6 shows the values of log f Ti Cr plotted vs. percent chromium in Fe-Cr-Ti melt using the relation expressed by Eq. (5) Figs. 7 and 8 .
The interaction parameters determined in the present study are compared with previous results [7] [8] [9] [10] [11] in Table 2 . Wada and Pehlke 7) measured the effect of chromium on TiN precipitation in their nitrogen adsorption experiments in Fe-Cr-Ti melt using the Sieverts' method in the temperature range from 1 823 to 2 073 K. They reported the values of e Ti Cr and r Ti Cr as 0.022 and Ϫ0.0001, respectively, at 1 873 K from their limited experimental data (10 and 20 mass% Cr). They could not determine the temperature dependency of interaction parameter values due to the scattering of experimental data at other temperatures.
Ozturk et al. 8) measured the TiN solubility in Fe-Cr melts in the presence of pure solid TiN pellets under 1 atm nitrogen pressure. They determined the value of e Ti Cr as 0.024 at 1 873 K from a plot of log f Ti vs. chromium content up to 18 mass% in Fe-Cr-Ti-N melt using the relation expressed by Eq. (7). In their calculation, however, the strong interaction between titanium and nitrogen was not considered at high nitrogen content under 1 atm nitrogen pressure. In order to obtain the true value of e Ti Cr in Fe-Cr-Ti-N melt, the interaction coefficient of chromium on titanium, f Ti Cr should be determined as defined in Eq. (5).
Recently, Choi et al. 9) reported the value of e Ti Cr as 0.032 at 1 873 K by measuring the activity of titanium in Fe-CrTi-O melts containing chromium up to 31 mass% using a galvanic cell technique. They measured the oxygen activity in the melts using an oxygen sensor as functions of titanium and chromium contents. They assumed a pure solid Ti 3 O 5 as the equilibrium oxide phase in Fe-Cr-Ti-O melts containing titanium less than 0.25 mass% according to other worker's results for Fe-Ti-O melts. [17] [18] [19] [20] However, as pointed out in their study, it was not certain to form a pure solid purity or activity information are very important for the accurate thermodynamic analysis of Ti deoxidation equilibrium in liquid iron. 15, 21, 22) As also shown in Fig. 6 , the present authors previously measured the effect of chromium on the activity coefficient of titanium by determining the TiN solubility in Fe-Cr melts under various nitrogen partial pressures.
11) However, the time required for the metal-nitride-gas equilibration using a resistance furnace was too long when the equilibrium was approached from high and low titanium contents with respect to the equilibrium values. As a result, the correlation of log f Ti Cr vs. chromium content in our previous work was not satisfactory enough as shown in the figure.
In the present study, strong agitation of the melt by inductive stirring resulted in a fast attainment of equilibrium nitrogen and titanium solubility for the TiN saturation under various nitrogen partial pressures. Moreover, the melt temperature control technique used in the present study allowed us to determine the temperature dependency of thermodynamic parameters more accurately. As a result, the correlations of log f Ti Cr vs. chromium content are excellent over a wide range of chromium content at all temperatures as shown in Fig. 6. 
TiN Solubility in Fe-Cr Alloy Melt
Rearranging Eq. Therefore, using the values of e Ti Cr and r Ti Cr determined in the present study and other parameter values given in Table  1 , one can calculate the contour lines of critical nitrogen and titanium contents for the onset of TiN inclusion formation in ferritic stainless melts at a typical tundish temperature of 1 823 K as shown in Fig. 9 . As the chromium content increases in liquid stainless steel, the critical nitrogen content to form TiN inclusions increases at a specific titanium content. Figure 10 shows the effect of melt temperature on the TiN solubility for a liquid Fe-20%Cr-Ti-N alloy. As the temperature decreases from a typical ladle treatment temperature of 1 923 K to a mold temperature of 1 793 K, the critical nitrogen and titanium contents decrease significantly.
A separate experiment was carried out to check the validity of TiN solubility contours shown in Fig. 10 . A Fe20%Cr alloy melt was equilibrated with an Ar-10%H 2 -1%N 2 gas (p N 2 ϭ0.01 atm) at 1 923 K using a high frequency induction furnace as described earlier in experimental procedures. After confirming the saturation of nitrogen at 0.036 mass% in alloy melt (symbol [1] ) at 1 923 K, the titanium content was increased to 0.15 mass% in the melt by the addition of sponge titanium pellets. After the predetermined equilibration time of 1 h, a metal sample was taken and water quenched. The nitrogen and titanium contents in the metal sample are shown as symbol [2] in Fig. 10 . No TiN was formed under this condition as predicted by the contour line calculated at 1 923 K.
Then the melt temperature was decreased slowly by adjusting the PID controller of the induction furnace. During cooling process, the melt was inductively stirred to attain the new equilibrium quickly with respect to the melt temperature. Solid TiN precipitate started to form on the melt surface as the melt temperature decreased below 1 873 K. After an equilibration time of 1 h at 1 823 and 1 793 K, metal samples were taken and water quenched. The nitrogen and titanium contents in metal samples taken at 1 823 and 1 793 K are shown as symbols [3] and [4] in Fig. 10 , respectively. They are in excellent agreement with the predicted values.
Conclusions
The metal-nitride-gas equilibration utilizing a high frequency induction furnace and a precise temperature control technique provided an accurate measurement of the equilibrium solubility of TiN in liquid Fe-Cr alloys in the temperature range from 1 873 to 1 973 K. The main findings of this study can be summarized as follows.
(1) As the chromium content increases in Fe-Cr-Ti-N melt saturated with TiN, the critical nitrogen solubility increases significantly, while the titanium solubility decreases.
(2) The experimental results were thermodynamically analyzed using Wagner's interaction parameter formalism to determine the first-and the second-order interaction parameters between chromium and titanium in liquid Fe-Cr-Ti containing up to 30 mass% Cr as follows.
e Ti Cr ϭ406.7/TϪ0.1933 r Ti C ϭϪ20.6/TϪ0.011 (3) Thermodynamic calculations to predict the TiN inclusion formation in a Fe-Cr-Ti-N alloy with melt temperature changes are in excellent agreement with the experimental results.
